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ELECTROCHEMICAL CHARACTEFUZATION 
O F  NONAQUEOUS SYSTEMS 

FOR SECONDARY BATTERY APPLICATION 

by 

Me Shaw, 0. A. Paez, A. H. Remanick, D. A, Lufkin 

ABSTRACT 
, 

Electrode compatibility t e s t s  on wire  e lectrodes have been completed 

f o r  the twenty-four selected positive sys tems . 
solubility has  been determined for  sixteen of these systems. 

The charged state 

The screening of nega t ive  systems involving lithium, magnesium, 

and calcium has been completed during this  reporting period. 



SUMMARY 

The electrochemical characterization of nonaqueous battery sys tems 

has  now been completed. 

sys tems recommended f rom a t o t a l  of 950 was presented i n  the pre-  

ceding report  (Ref. 1). W e t  stand compatibility t e s t s  on wire  electrodes 

have now been completed for  the twenty-four systems,  and the solubility 

of the charged s ta te  reactants (metal cation) have been determined for  

sixteen of these systems. The results indicate that solubility and 

reactivity a r e  complicating fac tors  whose effect on compatibility can 

vary  with the nature of the electrode surface. 

on smooth surface wi re  electrodes,  may not accurately project wet 

stand compatibility of s intered metal  plates. A new program for  testing 

charge retention as a function of capacity, using porous electrodes, has  

the r efo r e  been s cheduled. 

A l i s t  of twenty-four positive-electrolyte 

The resul ts ,  therefore,  

The screening of negative sys tems involving lithium, magnesium, and 

calcium has  been completed. 

64 such systems.  

Cyclic voltammograms were  obtained for  



I. ELECTRODE COMPATIBILITY 

Standard compatibility tes t s  on  24 selected sys tems have now been com- 

pleted. 

16 of these systems. 

plicating factors ,  such that the standard compatibility t e s t  may  not be 

effective as a screening device. 

Solubility of the charged s ta te  reactants has  been determined fo r  

Solubility and electrode surface nature a r e  com- 

Standard ComDatibilitv Tes t  

Eighteen sys tems were  subjected to the standard compatibility t e s t  

(Ref. 1. ) Since most  systems suffered g rea t e r  than 50% loss  of d i s -  

charge after 15 minutes stand time, an  additional 5-minute stand t ime 

interval  was measured  i n  all cases. 

t ime  measurements  was recorded i n  a l l  tests.  

the ze ro  stand t ime var ied with the system, f rom a few percent to a s  

much as 50% in  some instances. 

time capacity (mcoul/cm delivered at 1 ma/cm immediately after 

completion of the sweep charge), and the percent of zero stand t ime 

capacity retained after 5 and 15 minutes of stand. 

A minimum of three  ze ro  stand 

The reproducibility of 

Table I lists the average zero  stand 
2 2 

Three  systems,  Cu/AN-LiPF6 -+ KPF Cd/DMF-LiBF and 

Zn/DMF-LiPF 

of the working electrode with a f r e sh  metal electrode not previously 

charged. 

reduction of some dissolved species. 

comparable to that obtained f o r  discharge of electrode active mater ia l ,  

indicating the dissolved species might have been obtained f r o m  the 

electrode. Fu r the r  confirmation is necessary. 

6’ 4’ 
showed a continuous discharge even af te r  replacement 

6’ 

Since wet stand had no apparent effect, these resul ts  indicate 

The discharge potential was 

The system, AgO/BL-LiC1 t AlC13, exhibited instrument  overload during 

sweep charging, so  was charged and discharged under a constant cur ren t  
2 of 4 ma/cm . Compared to the other  sys tems charged by a sweep mode, 

capacity retention fo r  the s i lver  electrode was considerably g rea t e r  

- 1 -  



TABLE I 

CAPACITY RETENTION AFTER 5 
AND 15 MINUTES OF STAND TIME* 

Zero Stand % Retention After 
Time Capacity 5 min  15 min  

Millicoul/cm 

System 

% % 
2 

6 CuCl /AN-LiPF 2 
C U C ~ ~ / B L - A I C ~ ~  

CuCl /DMF-LiC1 t LiC104 

CuC12/DMF-LiPF 
2 

6 

6 
CuF /DMF-LiPF 

CuFZ / P C  -LiPF 
2 

6 

4 
CuF /PC-LiC10 2 

4 
Zn/ AN - Li C10 

6 
Zn/B L- K P F  

ZnF /DMF-LiClO 
2 4 

6 
ZnF2 /DMF - K P F  

Cd / B L -KPF 

Cd/DMF -KPF 
6 

6 

48 

212 

75 

166 

653 

65 

123 

103 

78 

144 

77 

62 

165 

522 

0 

9 

0 

13 

55 

9 

7 

0 

0 

0 

0 

0 

25 

37 

0 

0 

0 

0 

23 

9 

0 

0 

0 

0 

0 

0 

4 

9 

>k Elec t rodes  charged by anodic sweep and discharged galvanostatically 

at 1 m a / c m  . 2 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylfo rmamide  
P C  - Propylene carbonate 
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(70%. a f t e r  1 hour of stand time). 

as a resul t  of sweep cycling the electrode. This i s  shown i n  Table 11. 

A f resh  s i lver  electrode, placed i n  the electrolyte at the conclusion of 

these measurements ,  indicated no reduction of species i n  solution at 

4 m a / c m  within -1. 0 v relative to a s i lver  oxide reference. The 

capacity retention of this system is comparable to that of the aqueous 

s i lve r  oxide sys tem reported previously (Ref. 1. ) 

Even grea te r  retentivity was obtained 

2 

B.. Solubility of Charged State Material  

As reported ea r l i e r  (Ref. l), measurements,  i n  solutions saturated with 

the charged s ta te  mater ia l ,  did not show any improvement in  apparent 

capacity retention, which would be expected i f  capacity loss  was due to 

electrode solubility. To evaluate this further,  solubility measurements  

were  made  f o r  16 systems. 

Saturated solutions were  prepared by potentiostatic oxidation of wi re  

electrodes,  relative to metal /metal  halide reference electrodes where 

the meta l  was common to the working electrode. (Reference electrodes 
L 

were  prepared in-situ by electrooxidation at 1 m a / c m  

minutes to insure a steady reference voltage). 

electrode, the potential was applied gradually until a steady limiting 

cu r ren t  was reached. 

to. 5 v, relative to the reference electrode. Pre-halogenated electrodes 

were  discharged at -0. 3 to -0.5 v f o r  15 to 20 minutes p r io r  to charging. 

The working electrodes were  made f rom 50 mil diameter  wire  with 

1-inch exposed to the electrolyte (initial a r e a  = 1 c m  ). 

volume was 25 ml. 

f o r  1 o r  2 

In charging the working 

This potential was generally between to. 3 v to 

2 
Electrolyte 

Potentiostatic charging of the electrodes was continued until significant 

visual  evidence of precipitation was indicated. The total  coulombs 

- 3 -  



TABLE I1 

CAPACITY RETENTION O F  AgO/BL-LiC1 t AlC13 
AFTER 1 AND 24 HOURS O F  STAND TIME::: 

P e  r c  ent Retention Aft e r - -. - .  - _  . _ .  ^ . _  C' Lero 'l'ime 5 min 15 min 1 hour L4 hours  .barge 

coul /cm % % % % % 

(No pretreatment)  

0. 96 - - - 
2 .  40 72 - - 

b) (Activated by sweep cycling) 

0. 96 l l O * *  97 106 :k$ 

2. 93 - - - 
2. 54 - - - 

64 

70 

- 
9 3  - 

43 

2 * Charged and discharged at 4 m a / c m  constant current.  

Retention of grea te r  than 100% may reflect  oxidation products 
remaining from the sweep cycling phase. 

.I. .*. e,. ',. 
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passed during the charging period were calculated f r o m  the current- t ime 

curve. 

f i l tered.  

aqueous electrolyte,  and analyzed by DME polarography. Aqueous 

electrolytes  of 0. 1 M KC1, 1 M KC1, and 1 M HC1 were used fo r  analysis 

of zinc, cadmium, and copper unknowns respectively. The method of 

standard addition was used to determine concentration. 

Polarograph model X V  was used i n  these analyses. 

After charging, the electrolyte was removed f r o m  the ce l l  and 

A 1-ml  aliquot was then taken, diluted to a known volume of 

A Sargent 

Results are  tabulated in  Table 111, showing the total  number of coulombs 

passed during the charge process,  and the metal ion concentration i n  

solution. 

Comparing these values with the total  coulombs passed, shows that all 

solutions were  saturated. 

Also given a r e  the equivalent coulombs of mater ia l  i n  solution. 

In those cases  where data a r e  available f o r  sys tems having a common 

cathode and electrolyte salt ,  there  is a relationship between charged 

s t a t e  ma te r i a l  solubility and delivered capacity at zero stand time. 

Table IV shows this fo r  Zn/KPF and CuF /LiPF indicating that the 6 2 6’ 
delivered capacity increases  with decreasing meta l  ion solubility. 

Comparison of the en t i re  l ist ,  however, shows seve ra l  inconsistencies. 

CuCl /PC-LiClO s h o w s  t h r  s v c o n d  lowest solubility and the l a rges t  

delivered capacity at  zero stand t ime (Table I). Accordingly, it a l so  

shows the g r e a t e s t  retentivity a f t e r  5-minutes stand time. On the other  

hand, Cd/DMF-KPF compares well with CuCl /PC-LiC10 in  terms of 

capacity retention at zero and 5-minutes stand t ime,  yet it has the 

second highest solubility. Again, even  though continuous discharge is 

found with sys tems having solubilities in  excess  of 17 mmoles/ l i ter ,  

o ther  sys t ems  having a s  high a solubility, exhibit limited discharge 

t imes  related to capacity retention. 

2 4 

6 2 4 



TABLE I11 

SOLUBILITY O F  CHARGED STATE MATERIAL:* 

ZnF /DMF-KPF6 
2 

Cation Coulombs Total 
Conc ent. Di s solved Charge 

mmoles /liter coulombs coulombs 

1. 96 10 

2. 19 11 

2. 61 13 CuF2/PC-LiPF 6 
Zn/D?vW-KPF (2.9 1x1) 3. 70 18 6 

2 36 

191 

127 

331 

Zn/DMF-KPF (0.75 m) 4. 40 21 324 

5. 28 25 138 CuF /DMF-LiPF 
6 

6 2 
Cd/DMF-LiC104 

Zn/ BL - K P F  

Zn / P C  -KPF 

Cu/DMF - LiPF 

Zn/DMF-LiPF (a) 

6 

6 

6 

6 

6. 30 30 

10. 8 52 

13. 4 65 

14. 4 58 

17. 9 86 

3 38 

146 

125 

158 

740 

29. 7 91 449 Cu C1 /AN - Li PF 

Cu/AN-LiPF t K P F  (a) 33. 0 100 224 
6 

6 6 

3 
C U C ~ ~ / B L - A ~ C ~  

6 
Cd /DMF -KPF 

Cd/DMF-LiBF4 (a) 

35. 0 107 

37. 6 181 

40, 2 193 

108 

302 

562 

:: Arranged  i n  o r d e r  of increasing solubility. 

E lec t ron  s toichiometry for copper sys tems based on polarographic 
wave heights f o r  Cu(1) and Cu(I1); a two electron change is assumed 
for zinc and cadmium. 

.I. J .  .,. .,. 

(a 1 These  sys t ems  showed a continuous discharge independent of 
s tand t ime,  possibly representing discharge of dissolved species. 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene carbonate 

- 6 -  



TABLE IV 

E F F E C T  O F  SOLUBILITY O F  CHARGED STATE 
MATERIAL O N  ZERO STAND TIME CAPACITY 

System 

Zn/DMF-KPF (2.0 m) 

Zn/DMF-KPF (0.75 m) 

6 
Zn/ B L - K P F  

Zn/  P C  - K P F 6  

6 

6 

6 
CuF2 /PC -LiPF 

CuF  /DMF-LiPF 
6 2 

Cation 
Concent. 

mmoles  /liter 

3. 7 

4. 4 

10.8 

13. 4 

2. 61 

5. 28 

Zero Stand>:< 
Time Capacity 

mcoul /cm 2 

256 

205 

144 

106 

123 

65 

2 
>!: Discharge at 1 ma/cm immediately following sweep charging. 

B L  - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene carbonate 
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The resul ts  obtained on the ''compatibility" of wire  electrodes make  it 

evident that the concentration of the charged s ta te  mater ia l  in  the electro-  

lyte, as well as the surface nature of the electrode, and the charge 

density of the formed mater ia l ,  a r e  influencing factors. 

electrode pretreatment,  such as by continued sweep cycling, affects 

the results.  

and constant cur ren t  discharge. 

stant coulombic input f o r  all systems, and the prel iminary ten cycles 

of sweep charge and discharge introduced a varying amount of ma te r i a l  

into the solution. 

a comparable basis. 

In some cases ,  

The s tandard compatibility test involved sweep charge 

Sweep charge does not permi t  a con- 

This has  made  it impossible to evaluate the data on 

Fur the r  screening of the recommended systems must  consider these 

factors ,  as well as the vital  necessity of distinguishing reduction of 

solid state charged material f rom that of dissolved state charged 

mate  rial. 

- 8 -  



11. CYCLIC VOLTAMMETRY 

A. Analysis of Cyclic Voltammograms 

The character izat ion of nonaqueous sys tems involving lithium, magnesium, 

and calcium negatives by cyclic voltammetry has  been completed during 

this reporting period. 

These are  l is ted in  Tables V and VI. 

of the solutions screened.  As before, the cyclic voltammograms a r e  

represented with the anodic reaction above the voltage axis, and the 

cathodic reaction below this axis. 

the negative plate, however, the anodic reaction now represents  the dis-  

charge reaction, and the cathodic, the charge reaction. 

A total of 64 sys tems have been screened to date. 

Table VI1 lists the conductivities 

Since these are reactions involving 

1. Systems Involving Chloride and Perchlorate  Electrolytes 

Lithium appears  to have a lower activity i n  LiCl than i n  LiC104 and AlCl3 

solutions. 

and A1Cl3 solutions and are least  active in  LiC104 solution. 

effect i s  evident for  magnesium. 

are most  active i n  acetonitrile solutions. 

ac eto nit rile ) . 

Calcium electrodes show generally g rea t e r  activity i n  LiCl 

No solute 

Magnesium and calcium electrodes 

(Lithium was not screened i n  

a. Lithium Electrode 

(1) Butrolactone solutions 

The cyclic voltammogram for lithium in  LiC104 solution is shown in  

F igure  1 (CV-4135). 

peaks i n  the high cur ren t  density range with m o r e  than 1.5 v between peaks. 

A similar curve resul ts  for  l i thium i n  AlCl3 solution. 

medium high cathodic peaks result fo r  LiCl t AlCl3 solutions as shown in  

F igure  2 (CV-4147). 

The curve shows broad polarized anodic and cathodic 

Low anodic and 

- 9 -  
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TABLE VI1 

ELECTROLYTE CONDUCTIVITY 'g 

Electrolyte Molality 

m 

3 

6 

6 

Acetonitrile -AlCl 

Acetonitri le-KPF t LiPF 

Acetonitrile -KPF 

Acetonitrile-Mg(C10 ) 

Aceto nit rile -LiClO 

Dimethylfo rmamide  -LiClO 

6 
Dimethylfo rmamide  -KPF 

Dimethylfo rmamide  -Mg (C10 ) 

Acetonitrile -LiPF 

Acetonitrile -AlC1 t LiCl 
3 

Dimethylfo rmamide  -LiC1 t LiClO 

Butyrolactone -AlC1 t LiCl 
3 

3 
B uty ro lacto ne -A.lCl 

Buty rolactone - Li C10 

Dimethylfo rmamide  -LiPF 

Dimethylfo rmamide  -MgC1 

Dimethylfo rmamide  -LiC1 

Dimethylfo rmamide  -LiBF 

Buty ro lacto ne - K P F  

Propylene carbonate -LiClO 

Propylene carbonate -LiPF 

6 

4 2  

4 

4 

4 2  

6 

4 

4 

6 

2 

4 

6 

4 

6 

1. 0 

0. 5 (a) 

0. 75 

1. 0 

0.75 

0. 5 

0. 75 

0. 75 

0. 5 

0. 25 (a) 

0. 75 (a) 

0. 5 (a) 

0. 5 

1. 0 

0. 5 

0. 5 

0. 5 

0. 5 

0. 75 

1. 0 

0. 5 

Propylene carbonate-AlC1 t LiCl 0. 5 (a) 3 

6 Propylene carbonate -KPF  

4 
Propylene carbonate -LiBF 

0.75 

0. 5 

Conductivity 

ohm c m  

4 . 5  x 

4 . 3  x 

3 . 3 x  

3 . 3  x 

3 .0  x 

2 . 6  x 

2 . 1  x 

-1 -1  

1.9 x 

1.7 x 

1.5 x 

1 . 4 x  

1.1 x 

1 . 0  x 

1.1 x 

9.0 

8.4 x 

7.7 

7.3 

7.1 

5.8 

5.7 

5.3 

4.5 

2.9 

* 
(a) 

In o r d e r  of decreasing conductivity. 
Concentration with respect to each salt. 
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(2) Dimethylformamide solutions 

The cyclic voltammogram f o r  lithium i n  LiC104 solution shows a broad, 

high anodic peak and a broad, low cathodic peak, whose sweep rate 

dependence indicates that  soluble reactants  a r e  involved. 

solution, lithium electrodes indicate ve ry  low anodic and cathodic 

activity. 

that  of the separate  salt systems, showing low anodic and very low cathodic 

activity. 

In LiCl 

Results for  the mixture LiCl t LiC104 a r e  intermediate between 

( 3 )  Propylene carbonate solutions 

Lithitixi in  LiCl i NC13 solution s h o w s  a broad, medium low range anodic 

peak. 

e r r a t i c  cur ren t  behaviour at the negative voltage range. 

solutions shows very high anodic activity as evidenced by rapid dissolution 

and disintegration of the working electrode. 

when the cur ren t  was limited by switching periodically to open circui t  

during the anodic sweep. 

but fell off with additional cycling. 

shows broad, medium low anodic and cathodic peaks. 

lithium shows broad, medium low anodic and cathodic peaks. 

curve  i s  shown i n  F igure  3 (CV-4152). 

anodic activity with no peak formation and with maximum curren t  i n  the 

low range. 

n e a r  the open circui t  voltage. 

The cathodic sweep shows a broad, low range peak followed by 

Lithium in  LiC104 

However, this did not occur  

In this case  the cu r ren t  was very high initially 

The curve obtained af te r  ten cycles 

In MgC12 solution, 

The sweep 

In Mg(C104)2, lithium shows broad, 

A broad asymmetr ic  cathodic peak of low cur ren t  range occurs  

The curve is shown in  Figure 4 (CV-4197). 

b. Magnes ium Elect rode 

(1) Acetonitrile solutions 

Magnesium electrodes in  LiC104 solution show very high anodic activity 

but no cathodic activity. 

the working electrode diameter  to 1 /3  of its or iginal  size. 

w e r e  noted fo r  Mg(C104)2, AlC13, and LiCl t AlCl3 solutions. 

Anodic dissolution is evidenced by a dec rease  of 

Similar resu l t s  

- 13 - 



(2) Butyrolactone solutions 

High anodic and no cathodic activity results for  magnesium in  LiCl t AlC13 

and AlCl3 solutions. 

similar curve but with a medium low anodic peak resu l t s  i n  LiC104 solution. 

A typical curve is shown i n  F igure  5 (CV-4023). A 

(3) Dimethylfo rmamide solutions 

High anodic and no cathodic activity s imilar  to that in  the preceding solvents 

resu l t s  i n  LiC1, LiC104, MgCl2, and Mg(C104)~ solutions. 

occu r s  fo r  LiCl t LiClOq mixture, except that  a medium high anodic peak 

is observed. 

The similar , 

(4) Propylene carbonate solutions 

Magnesium exhibits a sha rp  high anodic peak in  LiCl t AlCl3 solution but 

again no cathodic activity is indicated. 

activity resu l t s  i n  LiC104 and MgC12 solutions. 

Very low anodic and cathodic 

C. Calcium Electrode 

(1) Acetonitrile solutions 

Very high anodic activity and some evidence of gassing is observed fo r  

calcium electrodes i n  LiCl t AlCl3 solution. 

is noted at the extremenegative potential range. 

accompanied by pronounced gas sing results in  AlCl3 solution. 

e lectrode diameter  was reduced to half its original s i ze .  Calcium 

electrodes i n  LiC104 solution resu l t  i n  a low anodic peak with no indications 

of cathodic activity. 

Medium low anodic activity 

High anodic activity 

The calcium 

(2) Butyrolactone solutions 

Calcium electrodes in  LiC1 t AlCl3 and i n  AlCl3  solutions show a medium 

low anodic peak and very  low cathodic activity. 

calcium shows very  low anodic and cathodic activity. 

solution is shown in  Figure 6 (CV-3982). 

In LiC104 solutions, 

The curve in AlCl3 

- 14 - 



(3) Dimethylfo rmamide solutions 

The curve for  calcium i n  LiCl solution is  shown i n  Figure 7 (CV-4053). 

Anodic activity occurs  over  a broad range with a s h a r p  peak of medium 

high cur ren t  density at the extreme positive range. 

at more  negative potentials but only on  the r eve r se  sweep. 

is indicative of a n  activation process such as the formation of a surface 

reactant. 

Anodic cur ren t  occurs  

This behavior 

Negligible cathodic activity is indicated. 

Calcium electrodes i n  LiC104 solution show very low anodic and cathodic 

activity. 

ve ry  low cathodic activity. 

The sweep curve is shown i n  Figure 8 (CV-4012). 

The mixture of LiCl f LiC104 shows medium high anodic and 

An anodic peak reoccurs  on the r eve r se  sweep. 

(4) Propylene carbonate solution 

A broad, very low anodic peak and no cathodic activity resul ts  for  calcium 

electrodes i n  LiC104 solution. 

f o r  calcium in  N C l 3  t LiCl solutions. 

N o  anodic o r  cathodic activity is observed 

2. Systems Involving Fluoride Electrolytes 

Lithium electrodes show a trend toward higher anodic and cathodic 

electrochemical activity i n  LiPF6 and LiBF4 solutions over  that observed 

i n  KPF6 solutions. 

anodic activity i n  acetonitri le solutions, and decreased activity in  propylene 

carbonate and butyrolactone solutions. 

Magnesium and calcium electrodes tend toward higher  

a. Lithium Electrode 

(1) Butvrolactone solution 

Lithium electrodes in KPF6 solution shows a high anodic peak and low 

cathodic activity. The curve i s  shown i n  Figure 9 (CV-4227). 

-15 - 



(2) Dimethylfo rmamide solutions 

The cyclic voltammogram for  lithium in LiPF6 solution shows high, 

i r reproducible  anodic and cathodic activity with m o r e  than 1 volt separation 

between peaks. In KPF6 solution, lithium electrodes show medium high 

anodic and low cathodic activity. 

very  high cu r ren t  anodic peak and medium high cathodic activity with poor 

reproducibility. 

Lithium in  LiBF4 solutions shows a broad, 

( 3 )  Propylene carbonate .solutic!ns 

Lithium electrodes in  L iPF6  solutions resu l t  i n  voltage overload at very 

high anodic and cathodic cu r ren t  densities while only low highly polarized 

anodic and cathodic activity resul ts  i n  KPF6 solution. In LiBF4 solution, 

lithium shows broad, high anodic and cathodic peaks accompanied by a 

darkening of the solution. The curve is shown in  F igure  10 (CV-4097). 

b. Magnesium electrodes 

(1) Ac e to nitri le s o lu tio ns 

Magnesium electrodes show high anodic activity i n  LiPF6, KPF6, and 

LiPF6 t KPF6 solutions, but no cathodic activity. 

magnesium working electrode diameter decreased during the measurements  

and i n  one case actually fell  off, presumable due to rapid anodic dissolution. 

No peak formation results for  magnesium in  L i P F 4  solutions. 

cathodic cur ren ts  fall i n  the low and medium low range respectively. 

In all cases  the 

Anodic and 

(2) Butyrolactone solutions 

Magnesium electrodes in KPF6 solution show very  low anodic and cathodic 

activity. 

(3) Dimethylfo rmamide solutions 

Magnesium electrodes in  LiBF4, LiPF6, and KPF6 show respectively high, 

medium high and medium low anodic peaks. Medium low cathodic activity 

- 16 - 



at the negative potentials occurs  in  LiBF4 and LiPF6 solutions. 

cathodic activity is observed in K P F 6  solutions. 

solution is shown i n  Figure 11 (CV-4018). 

No 

The curve i n  LiBF4 

(4) Propylene carbonate solutions 

Magnesium electrodes i n  LiPF6 and LiBF4 solutions show broad, low 

cur ren t  density anodic peaks and very  low cathodic activity. No peak 

formation and only very low anodic and cathodic activity resul ts  i n  KPF6 

solution. 

C. Calcium electrodes 

(1) Acetonitrile solutions 

Calcium electrodes in  LiPF6 and i n  LiPF6 t KPF6 solutions show a broad, 

high anodic peak and medium low cathodic activity with more  than 1. 5 v 

separation. 

cathodic activity and no peak formation. 

Calcium i n  LiBF4 solution shows very low anodic and 

(2)  Butyrolactone solutions 

Very low anodic and cathodic activity resul ts  for  calcium electrodes i n  

KPF6 solution. 

(3)  Dimethylformamide solutions 

The sweep curve for calcium in K P F 6  solution shows a single broad, 

activation polarized peak of medium high cur ren t  density and low cathodic 

activity. A similar curve, shown i n  Figure 12 (CV-3992), resul ts  fo r  

calcium in  LiPF6 solution with anodic and cathodic cur ren t  densities i n  

the low and very low range, respectively. 

solution except that the anodic current does not peak out but continues to 

rise to the end of the anodic sweep. 

Similar resul ts  occur  in  LIBF4 

- 17 - 



(4) Propylene carbonate solutions 

Calcium electrodes i n  LiPFg solution show low multipeak anodic activity. 

Low cathodic activity is indicated at the extreme negative end of the sweep. 

Broad, ill-defined, low anodic activity is observed i n  KPF6 solution with 

cathodic activity i n  the very low range. 

a broad,medium low anodic peak and high cathodic activity with no peak 

formation. 

electrolyte solution. 

Calcium i n  LiBF4 solutions shows 

The cathodic activity is  likely to  involve l i th ium ion f rom the 

- 18 - 
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B. Tables of Cyclic Voltammetric Data 

Included in  this section a r e  tables summarizing the cyclic vol tammetr ic  

data in  t e r m s  of peak existence, peak magnitude, and peak displacement, 

AVp. 
reversibil i ty,  o r  in  more  practical t e rms ,  a measu re  of suitability of the 

electrochemical  sys t em f o r  second bat tery application. 

The peak-to-peak displacement gives a measu re  of overall  electrode 

F o r  comparative purposes,  current  density magnitude is classified accord-  

ing to ve ry  h igh(more  than 300 ma/cm2),  high (100-300 ma /cm2) ,  medium 

high (50-100 ma/cm2) ,  medium low (10-50 ma/cm2),  low - (1-10 ma /cm2) ,  

and ve ry  low ( less  than 1 ma/cm2). 

TABLE VI11 

SYSTEMS CAUSING VOLTAGE OVERLOAD 
O F  INSTRUMENTATION 

System 
Max. Anod. Max. Cath. 

ma/cmZ ma/cm2 
cv C. D. C. D. 
7 

Li / P C  - Li PF 6 4145 350 800 

P C  - Propylene carbonate 

-. 31 - 



TABLE Dc 

PEAK CURRENT DENSITY RANGE 

System cv - An0 di c Cathodic 

Li / B L - Li C104 41 35 

Li-BL-AlC13 4162 

Li/BL-AlC13 t LiCl 4147 

Li j'DMF -LiC104 4109 

Li / DMF -Li PF 6 4112 

Li /DMF -LiBF4 4131 

Li/ PC -LiC104 4103 

Li / PC -AlC13 t LiCl 4212 

Li / PC -MgC12 4152 

Lit PC -LiBF4 4097 

Mg /DMF-LiPFg 4013 

Ca/AN-AlC13 4092 

Ca/AN-AlC13 t LiCl 4087 

Ca/DMF-LiC1 t LiC104 4012 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene carbonate 

high 

high 

low 

high 

high 

very  high 

med low 

med low 

med low 

high 

med high 

high 

very  high 

med low 

high 

high 

med high 

med low 

high 

med high 

med low 

low 

med low 

high 

med low 

low 

med low 

very  low 
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System 

TABLE X 

VOLTAGE SEPARATING ANODIC AND CATHODIC PEAKS 

Li/BLIAZC13 

Li / B L - Li C 1 0 ~  

Li/DMF -LiC104 

Li/DMF-LiBFq 

Li /DMF -LiPF6 

Li /PC-NC13 t LiCl 

L i / P C  -MgC12 

Mg / DMF -Li PF 6 

Ca/AN-AC13 

Ca/AN-A1C13 t LiCl 

Ca/DMF-LiC1 t LiC104 

cv - 

41 62 

41 35 

4109 

41 31 

4112 

4212 

41 52 

4013 

4092 

408 7 

4012 

1. 6 

1. 8 

0. 6 

1. 0 

1. 0 

O m  4 

1. 3 

1. 6 

0. 6 

1. 2 

O m  7 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dime thylfo rmamide  
P C  - Propylene carbonate 
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TABLE X I  

SYSTEMS EXHIBITING ANODIC PEAK ONLY * 
CHLORIDE AND PERCHLORATE ELECTROLYTES 

System 

Mg /AN -LiC104 

Mg/AN-Mg(C104)2 . .  

Mg/AN-AlC13 

Mg/AN-AlCls t LiCl 

Mg/BL-LiC104 

Mg / B L - Al C13 

Mg/BL-AlC13 + LiCl 

Mg/DMF-LiC104 

Mg / DMF -Mg (C104) 2 

Mg/DMF-LiC1 

Mg/DMF-LiC1 t LiC104 

Mg/DMF-MgClz 

Mg/PCnAlC13 t LiCl 

Mg/PC-MgClz 

C a 1 AN -Li C1O 4 

Ca/BL-AlC13 

Ca/BL-AlC13 t LiCl  

C a / DMF -LiC 1 

Ca/PC-LiClO4 

cv 

3509 

348 9 
35 14 

3529 

41 72 

4023 

40 48 

3465 

3459 

3472 

4205 

3494 

348 3 

4180 

4185 

3982 

3977 

4053 

408 3 

- 
Anodic Peak  Curren t  

Density 

ve ry  high 

high 

high (a) 

high (a) 

med  low 

high 

high 

high 

med  low 

high 

med  high 

high (a) 

high 

ve ry  low 

low 

med low 

med low 

med high (b) 

ve ry  low 

4 Maximum cathodic cu r ren t  density i n  ve ry  low range ( 4  1 m a / c m 2 )  
unle s s othe rwi s e noted. 

Low range cathodic ((10 ma/cm2) 
Medium high range cathodic (50 - 100 ma/cm2) 

(a) 
(b) 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylfo rmamide  
P C  - Propylene carbonate  
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TABLE XII 

Sys tem 

SYSTEMS EXHIBITING ANODIC PEAK ONLY * 
FLUORIDE ELECTROLYTES 

Li /DMF -KPF6 

Li / BL- KPF6 

Mg /AN -Li PF 6 

Mg/AN-KPFb t LiPFg 

Mg/DMF-KPFb 

Mg / DMF -LiB F4 

Mg / P C  -Li P F g  ' 

Mg/PC-LiBF4 

Ca/AN-LiPFb t KPF6 

C a /B L-KPF 6 

Ca/DMF-LiPFb 

Ca  /DMF -KPF6 

C a /  PC -LiPF6 

C a  / P C  - KPF6 

Peak Current  Density 
cv Rang e - 

41 17 

4227 

41 92 

3499 

3477 

4018 

40 38 

40 36 

4066 

3987 

3992 

4058 

4078 

4076 

med high 

high (a) 

very  high 

high 

med low 

high (a) 

low 

low 

high (b) 

very low 

low 

med high (a) 

low (a) 

low 

xc Maximum cathodic current density i n  ve ry  low range (< 1 m a / c m 2 )  
unless otherwise noted. 

(a) 
(b) 

Low range cathodic ( < l o  ma/cm2) 
Medium low range cathodic (10 - 50 ma/cm2) 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene carbonate 



System 

TABLE XI11 

SYSTEMS EXHIBITING CATHODIC PEAK ONLY 

Li 1 Pc - KPF6 

Li / PC -Mg (C104)2 

cv - 

41 57 

4197 

Peak Current  Density 
Ranpe 

low (a) 

low (b) 

(a) 

(b) 

Maximum anodic cu r ren t  in low range (1 - 10 ma/cm2) 

Maximum anodic cu r ren t  in medium low range (10 - 50 ma/crn2) 

P C  - Propylene carbonate 



TABLE XIV 

SYSTEMS EXHIBITING NO PEAKS ’* 

System 

Li /DMF-Li C1 

Li / DMF -Li C1 t LiG104  

Mg/AL\J-KPFb 

Mg/ANILiBF4 

Mg / B  L-KPF6 

Mg / P C  -LiC104 

Mg/PCIKPF6 

Ca  / AN -Li PF 6 

C a / AN - LiB F4 

Ca/BL-LiC104 

Ca/DMF-LiC104 

Ca  /DMF -LiBF4 

Ca/PC-A1C13 + LiCl 

Ca /  PC-LiBF4 

cv 
7 

4122 

41 27 

3519 (a) 

4226 (a) 

4028 

4046 

3504 

4071 (a) 

4223 

4190 

4001 

3996 (a) 

4217 

4238 (b) 

2 Maximum cur ren t  density in  ve ry  low range ( <  1 ma/cm ) unless 
otherwise noted. 

(a) 
(b) High range (>300 ma/cm2) 

Medium low range (10 - 50 ma /cm2)  

AN - Acetonitrile 
B L  - Butyrolactone 
DMF - Dimethylfo rmamide  
P C  - Propylene carbonate  
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C. Choice of Negative -Electrolyte Sys tems  

As detailed i n  the Seventh Quarterly report, (Ref. 1) recommendation of 

systems was based on peak height and shape (using Sweep Index as a 

relative figure of merit) as well a s  peak displacement. 

sweep curves obtained f o r  the negative systems does not allow a weighting 

and elimination procedure i n  t e r m s  of peak height, sweep index, and peak 

displacement. F o r  convenience, however, data f rom the preceding tables 

a r e  rear ranged  to summar ize  the results for  the negative-electrolyte 

systems,  which are discussed i n  t e rms  of the electrode. 

The nature of the 

1. Lithium Systems 

Table XV summar izes  the lithium data. 

acetoni t r i le  because of known lack of compatibility i n  this solvent. 

was visual evidence of lithium decomposition i n  dimethylfo rmamide on 

both the working and reference electrodes. 

reactivity appear to be related with each other, and chloride ion appears 

to inhibit the reactivity of lithium in  dimethylfo rmamide. 

tions are tabulated in  Table XVI. 

Lithium was not screened in  

There  

Chemical and electrochemical 

These obse rva- 

Elimination of lithium sys tems i n  dimethylformamide is  recommended at 

this time. 

should investigate the use  of passivating agents such a s  calcium, magnesium, 

and quaternary ammonium chloride salt additives. 

Additional efforts with lithium i n  dimethylformamide electrolytes 

Table XVII contains a listing of the coulombic densities of the lithium 

sys tems i n  butyrolactone and propylene carbonate. 

represents  the total  integrated current  density fo r  e i ther  the anodic (dis- 

charge)  o r  cathodic (charge) portions of the cycle. The values a re  l is ted 

i n  o r d e r  of decreasing charge coulombic density. The charge o r  cathodic 

coulombic density corresponds to the sum total  of the electrochemical 

reduction taking place at the working electrode during the cycle. 

The coulombic density 

This 



includes species produced during the anodic (discharge) cycle and re- 

maining at o r  in  the vicinity of the working electrode, as well a s  species  

diffusing, o r  ca r r i ed  by convection, to this electrode f rom the bulk 

solution. 

Calculation of the contribution to the cathodic coulombic density, due to 

a 1 mola r  concentration of electrode active species  i n  solution during the 

cathodic half cycle (50 seconds), is of the o r d e r  of 5 coulombs/cm2, 

a s s u x i n g  ideal  conditions and no convection. 

this  value is approached by only a few systems,  and generally only by 

those containing lithium salts. 

and potassium salts. 

electralytes a r e  w e d ,  the cz?&sdic zo i l?~xbiz  density l a  aiways grea te r  

than the anodic value. Similarly, i n  the absence of lithium salts, the 

discharge coulombic density is grea te r  than the cathodic value. 

resu l t s  reflect i n  part, the rechargeability of the system. Propylene 

carbonate - LiPF6 gives the h i g h e s t  i n  both the charge and discharge 

coulombic density, with propylene carbonate - KPF6 giving the lowest. 

As seen f rom the Table, 1 

The lowest values occur  fo r  magnesium 

It is  significant that i n  all cases where lithium 

These 
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TABLE XV 

LITHIUM SYSTEMS 

Svs tem 

L i / P C - L i P F g  

Li/DMF-LiBF4 

Li /BL-KPF6 

Li / B L - Li C104 

Li/BL-AlC13 

Li/DMF-LiClOq 

Li /DMF - Li PF6  

L i /PC-LiBF4  

Li /DMF -KPF6 

Li / P e-Mg (C104) 2 

Li / PC - Li CiO4 

Li/PC-MC13 t LiCl  

Li/PC-MgClz 

Li / P C  - KPF6 

Li/BL-AlC13 t LiCl  

Li /DMF -LiC1 + LiC104 

Li/DMF-LiC1 

vo - Voltage overload 
a - Anodic peakonly  
c - Cathodic peak only 
np - No peaks 

B L  - Butyrolactone 
DMF - Dimethylformamide 
PC - Propylene carbonate 

cv - 

4145 vo 

41 31 

4227 a 

41 35 

4162 

41 09 

41 12 

4097 

4117 a 

4197 c 

4103 

42 12 

41 52 

4157 c 

4147 

4127 np 

4122 np 

Maximum Current  Density 
Anodic Cathodic - 
ma/cmL ma/cm' 

ve ry  high 

very  high 

high 

high 

high 

high 

high 

high 

med high 

med low 

med low 

med low 

med low 

low 

low 

very  low 

ve ry  low 

very  high 

med high 

low I 

high 

high 

med low 

high 

high 

very  low 

low 

med low 

low 

med low 

low 

med high . 

low 

very  low 

- 40 - 
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Solute 

LiBFq 

LiC104 

LiPF6 

KPF6  

LiCl  
t LiC104 

LiCl  

TABLE XVI 

LITHIUM/DIMETHYLFORMAMIDE SYSTEMS 

Max. Anod. Max. Cath. 
cv  - 

41 31 

41 09 

41 12 

41 17 

41 27 

41 22 

C. D. C. D. 
m a / c m 2  ma/cmL 

very  high high 

very  high m e d  low 

high high 

med high low 

med low ve ry  low 

very  low very low 

Observations 

gas sing 

white precipitate 

d a r k  orange solution 

brown-cloudy solution 

clear solution 

light yellow solution 
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TABLE XVII 

LITHIUM SYSTEMS 

Svstem 
Coulombic Density 4 

c v  An0 di c Cathodic - - 
c o u l / c m l  co ul / cm L 

Li /B L - LiC104 41 35 2. 5 3. 3 

Li/BL-AlC13 41 62 2.8 2. 1 

L i /BL-  MC13 + LiCl 4147 0. 35 0. 98 

Li /BL-KPFb 4227 2.4 0. 07 

Li / P C  - Li PF 6 4145 > 5  (a) 5 

--, T .i /PC-L.i_RF4 49 9? 2. ? x. J 

LiIPC-LiC104 4103 0. 76 0.97 

Li / P C  -MgC12 4152 0. 70 0. 39 

A C  

Li/pC-AIC13 t LiCl  4212 0. 38 0. 42 

Li / P C  -Mg (C104)2 41 97 0. 33 0. 09 

Li / PC - KPF6 41 57 0. 06 0. 05 

4 - In o r d e r  of decreasing cathodic coulombic density 

(a) - Data approximate due to marginal voltage overload 

B L  - Butyrolactone 
P C  - Propylene carbonate 
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2. Magnesium Systems 

Table XVIII represents  a l i s t  of a l l  magnesium sys tems screened. 

l a t t e r  show generally high anodic activity but ve ry  l i t t le o r  no cathodic 

activity. 

dimethylfo rmamide solutions than in  butyrolactone and propylene carbonate 

solutions. Electrolytes containing potas sium, lithium, aluminum and 

magnesium, all behaved similarly in  this respect. Only three systems, 

DMF-LiPFg,  DMF-LiBF4,  and AN-LiBF4, show maximum cathodic ' 

cur ren t  density g r e a t e r  than 10 rna/cm2, and this activity occurs  a t  about 

1 volt negative to the open circuit voltage at potentials near the lithium 

ion reduction. 

The 

The anodic activity was generally higher i n  acetonitrile and 

In view of the above, none of the  magnesium sys t ems  screened can be 

recommended fo r  secondary battery application. However, further 

molecular  level studies are recommended, using complex metal  fluoride 

and fluoride salts of magnesium and tetraalkylammonium cations. 
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TABLE XVIII 

MAGNESIUM SYSTEMS 

Maximum Current  Densitv 
System 

Mg /AN- Li PF 6 
Mg/AN-LiC104 
Mg/AN-KPFb t LiPF6 
Mg/DMF-LiBF4 

Mg /AN - -41C13 
Mg/AN-A1C13 t LiCl 
Mg /BL-AlC13 
Mg/BL-AlC13 t LiCl 
Mg/DMF-LiCl04 
Mg /DMF - Li C1 

Mg/PC-AlC13 t LiCl  
Mg /DMF-Li PFg 
Mg/DMF-LiC1 + LiClOq 
Mg /DMF-KPFb 
Mg /B L-LiC104 

Mg / A N  - KPF6 
Mg / PC -LiPF6 
Mg / PC -LiBF4 
Mg / A N  - Li B F  4 
Mg / B  L - KPF6 
Mg / PC -LiClOq 
Mg / PC -KPF6 
Mg / PC -MgC12 

Mg /AN - Mg (C104) 2 

M ~ / D M F - M ~ C ~ ~  - -  

Mg /DMF - Mg ( C104) 2 

cv An0 d i  c Cathodic 
ma / cm2 rna/cmZ 

- 

4192 a 
4169 a 
3499 a 
4018 a 
3489 a 
3514 a 
3529 a 
4023 a 
4048 a 
3465 a 
3472 a 
3494 a 
3483 a 
4013 
4205 a 
3477 a 
4172 a 
3459 a 
3519 np 
4038 a 
4036 a 
4226 np 
4028 np 
4046 np 
3504 np 
4180 a 

ve ry  high 
very  high 
high 
high 
high 
high 
high 
high 
high 
high (d) 
high 
high 
high 
med high 
med high 
med low 
med low 
med low (d) 
med low 
low 
low 
low 
very  low 
very  low 
very  low 
very  low 

very  low 
very  low 
very  low 
med low 
very  low 
very  low 
low 
very  low 
very  low 
very low 
very  low 
very  low 
very  low 
med low 
very  low 
very  low 
very low 
very  low 
very  low 
very  low 
very low 
med low 
very low 
very  low 
very  low 
very  low 

(d) - Electrode area reduced more than 50% by dissolution 

a - Anodic peakonly  
np - No peaks 

AN - Acetonitri le 
B L  - Butyrolactone 
DMF - Dimethylformamide 
P C  - Propylene carbonate 

- 44 - 



3. Calcium Systems 

Table XIX represents  a list of all calcium sys tems screened. 

sys tems yield resul ts  s imi l a r  to  those obtained with magnesium i n  that 

relatively little cathodic activity is obtained. Generally grea te r  anodic 

activity is observed i n  acetonitrile and dimethylformamide solutions and 

less i n  butyrolactone and propylene carbonate solutions. 

occu r s  with the sys tem Ca/PC-LiBF4 (CV-4238), but it is uncertain that 

the  cathodic reaction is due to  calcium o r  lithium ions f rom the electrolyte, 

because of the close proximity of the electrode potentials f o r  both metals.  

The cathodic peak cu r ren t  density (285 ma/cm2) is about twice what would 

be  expected fo r  lithium ions for  the 0. 5 m LiBF4 electrolyte. However, 

t he  curve is  recorded after ten  sweep cycles, and by this time, changes 

i n  concentration at the electrode surface as well as the presence of con- 

vection currents ,  can  account fo r  the l a rge  cathodic current. 

the  cathodic coulombic density is severa l  times that for  the anodic peak, 

again suggesting the reduction of species f r o m  solution. 

These 

An exception 

In addition, 

The low cathodic activity for the calcium sys tems does not permit the i r  

recommendation for  secondary battery application. However, in  view of 

the favorable discharge (anodic) currents ,  it is recommended that addition- 

al screening of calcium be  car r ied  out i n  calcium and tetralkylammonium 

s alt el e c t r o ly t e s . 
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TABLE XIX 

CALCIUM SYSTEMS 

Maximum Cur rent  Density 
Cathodic 
malcm'  

Sys tem 

Ca/AN-NC13 t LiCl 

Ca/AN-MC13 

Ca/AN-LiPFb t KPF6 

Ca /AN - Li P F 6  

C a /DMF - KPF6 

Ca /DMF -LiC1 

C a / P C  -LiB F 4  

Ca  /DMF -Li C1 t LiC104 

Ca/BL-AlC13 

Ca/BL-AlC13 t LiCl 

Ca /DMF -Li P F 6  

C a / P C  -LiPFg 

Ca / PC - KPF6 

C a / AN - Li CIO 4 

Ca/AN-LiBFq 

C a / B  L -LiC104 

Ca/DMF-LiC104 

Ca /DMF -LiBF4 

Ca/PC-A1C13 t LiCl 

Ca  / BL-KPF6 

C a / P C  -LiC104 

a - Anodic peak only 
np - No peaks 

cv - 

408 7 

4092 

4066 a 

4071 np 

4058 a 

4053 a 

4238 np 

4012 

3982 a 

3977 a 

3992 a 

4078 a 

4076 a 

4185 a 

4223 np 

4190 np 

4001 np 

3996 np 

4217 np 

3987 a 

4083 a 

Anodic 
m a / c m  2 

very  high 

high. 

high 

med high 

med  high 

med high 

med low 

med low 

med low 

med low 

low 

low 

low 

low 

very  low 

ve ry  low 

very  low 

very  low 

very  low 

very  low 

very  low 

AN - Acetonitrile 
BL  - Butyrolactone 
DMF - Dimethylformamide 
PC - Propylene carbonate 

med low 

low 

low 

med  low 

low 

low 

high 

very  low 

very  low 

very  low 

very  low 

low 

very  low 

very  low 

very  low 

ve ry  low 

ve ry  low 

low 

very  low 

very  low 

ve ry  low 
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